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Abstract 

The solvothermal method synthesized magnetite (Fe3O4) and investigated the processes of immobilization 

of the cytostatic drug doxorubicin (DOX) on its surface in the medium of 0.9% NaCl solution. The size 

and morphology (transmission electron microscopy (TEM), crystalline phase magnetite formation (X-ray 

diffraction analysis (XRD), FTIR spectroscopy) and magnetic properties (vibration magnetometer 

(VSM), specific surface area and pore size were determined by the method of nitrogen thermal desorption 

were investigated for the synthesized samples. The adsorption processes were studied and the high 

adsorption activity of the Fe3O4 nanoparticles (MNPs) surface with respect to DOX was established in the 

model physiological environment. According to the studies, the adsorption equilibrium time is 45–90 min 

with up to 80% DOX extraction and maximum adsorption capacity (Amax) 17.5 mg·g-1. The analysis of 

kinetic dependences and DOX adsorption isotherms using mathematical models that take into account the 

chemical interaction in the system indicates the monomolecular nature of adsorption (Freundlich model). 

Obtained MNPs can be potentially suitable for oncology applications specifically in the targeted drug 

delivery and adsorption materials of intracorporeal and extracorporeal detoxification of the body.  
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Introduction 

The development of nanotechnology opens up new opportunities to create targeted forms of drug 

delivery, the ability to accumulate and visualize the accumulation of a drug in the pathological area, and 

to effectively transport the active substance. For these purposes, Fe3O4 nanoparticles are particularly 

attractive because the drugs on their basis are characterized by increased efficacy, minimal side effects, 

improved bioavailability and controlled drug release. That is why the development and implementation of 

new methods for the synthesis of nanosized materials based on Fe3O4 with predicted parameters and 

properties remain an actual. (Wu et al. 2015; Sun et al. 2017). 

The using of drugs immobilized on the surface of Fe3O4 nanoparticles (MNPs) in the 

chemotherapeutic practice involves the preliminary modification of the surface of MNPs. (Akbarzadeh et 

al. 2012; Liang et al. 2016; Yang et al. 2016; Abramov et al. 2016, 2017; Turanska et al. 2016; Unsoy et 



al. 2014; Sadighiana et al. 2014; Kanamala et al.2016; Shen et al. 2018; Chen et al. 2014). Due to the 

modification of MNPs new centers are formed to provide specific interaction with the target cell receptors 

[Price et al. 2018; Yew et al. 2018] and the absence of aggregate on is fixed (Chae et al. 2015). 

In addition to nanoparticles which containing drugs on the surface or in bulk, nanoparticles with 

hollow structures and different morphologies are used (Zhu et al. 2007; Zeng et al. 2010; Xie et al. 2018; 

Albinali et al. 2019; Lou et al. 2008; Fan et al. 2007; Guan et al. 2010; Jia et al. 2013; Cheng et al. 2010; 

Jia et al. 2008; Hu et al. 2008; Quanguo et al. 2014; Cheng et al. 2009; Liangli et al. 2018). 

Among the chemical methods for producing monodisperse hollow/mesoporous Fe3O4 nanoparticles, 

the solvothermal method is of particular importance because it allows to obtain particles with satisfactory 

magnetic characteristics, morphology and sizes that can be used for biomedical applications. Since the 

solvothermal synthesized MNPs have high surface energy and high surface tension and are capable of 

agglomeration, optimization of synthesis conditions, selection of reagents and their ratios remain relevant. 

Synthesis of Fe3O4 is carried out from compounds of iron (Fe3+ salts) in the glycols medium, in particular 

ethylene glycol (EG), which, according to (Smith 2002; Kozakova et al. 2015) is dehydrated to form 

acetaldehyde, which is a reducting agent for Fe3+ ions. The process takes place in the presence of 

stabilizers, precipitants and structure-forming agents at high temperatures (Wu et al. 2015; Madrid et al. 

2014; He et al. 2018; Ooi et al. 2015; Zhang et al. 2011; Dosovitskii et al. 2017; Gao et al. 2010). 

Doxorubicin, an anticancer anthracycline antibiotic, was selected as the model chemotherapeutic 

agent because of its wide spectrum of antitumor activity. A major drawback associated with DOX 

chemotherapy involves its significant severe side effects, which could be dramatically reduced by the use 

of cytocompatible drug nanocarriers, and therefore the use of MNPs with loaded DOX opens new 

perspectives in the clinical practice. The main aim of this work was to study the processes of adsorption 

immobilization of the anticancer drug DOX on MNPs synthesized by a solvothermal method with a size 

of 100 nm. 

 

Experimental 

Materials 

Ferric chloride (FeCl3·6H2O), ethylene glycol (HOCH2CH2OH), sodium acetate (CH3COONa), Ethanol 

(C2H5OH) (Merck), DOX (Teva, Pharmaceutical Industries Ltd.). All materials were used without any 

treatment during nanomaterials synthesis. 

Preparation and characterisations of MNPs  

Magnetite nanosphears were prepared by solvothermal method (He et al. 2018). Iron chloride and sodium 

acetate in equil volume (1:4) with ethylene glycol addition were put to avtoclave for solvothermal 

treatment at 200 oC for 10 h. After cooling to room temperature black precipitate was collected by magnet 

and washed with deionised water and ethanol. The product was dried at 80 oC for 24 h. 

The cristal structure of nanoparticles was determinated by XRD (perfomed using DRON-4-07 

diffractometer with Cu/Kα radiation (λ = 0.1542 nm) and Ni filter). Surface studies of nanodispersed 

samples were performed by FTIR spectroscopy (Perkin Elmer Fourier Spectrometer, model 1720X).  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Price%20PM%5BAuthor%5D&cauthor=true&cauthor_uid=30619827
https://www.sciencedirect.com/science/article/pii/S1878535218301023#!
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Lu-Ping++Zhu
https://www.ingentaconnect.com/search?option2=author&value2=He,+Quanguo


Investigation of morphology and size distribution of MNPs were performed in water solutions. The 

size and shape of the MNPs were determined by transmission electron microscopy (JEOL 1200-EX, 

Japan) with a tungsten filament operating at a 120 kV acceleration voltage. The TEM samples were 

diluted in deionizer water, dropping it onto a carbon coated copper grid (EM Resolutions Ltd) and were 

dried at room temperature for 12 h. Specific surface area and pore size were determined by the method of 

nitrogen thermal desorption (KELVIN 1042 Sorptometer). 

Optical density measurements, absorption spectra and concentration of DOX in solutions were 

performed by spectrophotometric analysis (Spectrometer Lambda 35 UV/Vis Perkin Elmer Instruments). 

The magnetization of the samples was measured using a vibrating magnetometer at a frequency of 228 Hz 

at room temperature as described in (Abramov et al. 2017). Samples for research were dry demagnetized 

polydisperse materials. For comparing Ni sample and Fe3O4 (98%) nanoparticles ("Nanostructured & 

Amorphous Materials Inc", USA) were used. The measurement error did not exceed 2.5%. 

The study of DOX adsorption onto the MNPs surface 

To investigate the processes of DOX immobilization on the surface of MNPs, a series of samples with 

different concentrations of DOX in the range of 0.01 – 0.2 mg ml–1 were produced. 

Adsorption of DOX was performed for 2 h in in batch and dynamic mode at room temperature. The 

amount of adsorbed drug on the surface of the nanocomposites was determined by measuring the 

concentration of DOX solutions before and after adsorption. The concentration was determined by 

spectrophotometry measurements at λ = 480 nm using calibration graph. The adsorption capacity was 

calculated using Eq.(1):  

А = (С0 – Сeq) ∙ V/g         (1) 

where A (mg g-1) is the amount adsorbed. C0 and Ceq (mg ml–1) are the initial and equilibrium 

concentration of the DOX solution. V (ml) is the volume of the solution, g (g) is the mass of absorbent 

used. 

The removal efficiency of DOX (R) was obtained with Eq. (2): 

R, % = [(С0 – Сeq)/ С0] · 100        (2) 

 

Results and discussion 

 

Characterization of MNPs 

 

The synthesized MNPs were investigated by complex of phisical methods. The study of MNPs surface by 

the method of nitrogen thermal desorption showed the presence of a significant specific surface area and 

pores. 

BET surface area – 59.57 m2 g–1 

Langmuir surface area – 77.18 m2 g–1 

Total pore volume – 358.84 mm3 g–1  

Micropore volume – 0.00 mm3 g–1 

The XRD patterns of obtained MNPs are shown in Fig. 1. The diffraction peaks are characteristic of 

the spinel-like structure without any peaks of another phases. The diffraction pattern of the synthesized 



sample is characterized by the three most intense reflexes at 2θ  = 35.5°;  41.5°; 50.1°. The data found 

(Fig. 1) are in good agreement with the crystallographic data of the magnetite phases (JCPDS № 88-315). 

Calculating with Debye–Scherrer formula from peak (311), the average sizes of the crystallite were 

determined to be 21.6 nm. 

 

Fig. 1 XRD patterns of MNPs 

 

Dried MNPs were characterized by FTIR. Figure 2 shows the spectra of the as-prepared Fe3O4. The 

characteristic band in the range 640 cm–1 is attributed to the stretching vibration bands associated to the 

iron-oxygen bonds (Fe–O). The absorbance bands at 895, 976, 1050 cm–1 and 1121 cm–1 attributed to the 

deformation vibrations of Fe–OН groups. A band at 1655 cm−1 attributed to the O–H stretching vibration 

modes. A broad band between 2800 cm–1 and 3500 cm−1 related to the OH stretching vibration modes of 

water and indicates the presence of hydrogen bonds.  

 

Fig. 2 FTIR spectra of MNPs 

 

Synthesized Fe3O4 nanoparticles were observed in the TEM. TEM images (Fig. 3) show Fe3O4 

nanoparticles obtained from solvatermal method are monodisperse and have spheric shape with an 

average diameter of 90 ± 10 nm without significant aggregation. 



  

 
 

Fig. 3 TEM images of MNPs. Scale bar: a 50 nm; b 100 nm; c the corresponding particle size 

distribution 

 

The magnetization of MNPs as a function of the magnetic field is represented in Fig. 4.  

    

 
 

Fig. 4 Hysteresis loops for synthesized MNPs 

Magnetic measurements on Fe3O4 nanoparticles indicate that the particles are superparamagnetic at 

room temperature with a coercivity (Hc) of 81 Oe. The measured saturation magnetization (σs,) is 60.1 

emu g-1. Determination of the magnetic properties of the synthesized MNPs showed that the samples had 

narrow hysteresis loops. It indicate low energy losses during magnetization. (Fig. 4, Table 1) 



 

Table 1 Magnetic characteristics of MNPs 

 

 

Adsorption of DOX onto MNPs surface 

 

 Adsorption kinetics 

In this work, two common kinetic models were used to investigate the adsorption kinetics of DOX onto 

sorbent. Experiments were carried out for different contact times (15 – 180 min) with initial concentration 

of DOX 0.01 – 0.075 mg ml−1 and pH = 7.  

In order to establish the main sorption capacity, the dependence of sorption C (DOX) on contact time 

and concentration was investigated. The kinetic curves of DOX sorption were constructed (Fig. 5a, b). 

  

 

Fig. 5 Experimental kinetic curves of DOX sorption on the surface of MNPs 

The experimental results indicate a sufficiently high surface affinity for DOX. The removal efficiency 

was of up to 80%. The maximum amount of DOX was adsorbed in the first 45 min. The experimental 

kinetic curves of DOX adsorption on MNPs have been analyzed using kinetic equations and models. The 

parameters of pseudo-first-order and pseudo-second-order kinetic models were obtained from the fitted 

straight lines (Fig. 6a, b) and are shown in the table (Table 2). 

  
Fig. 6 a Pseudo-first and b pseudo-second order kinetics of DOX adsorption on the MNPs 

 

Sample Hc, kOe σs, emu g–1 σH=8 kOe,emu g–1 σr, emu g–1 σr/σs αFe3O4
calc, % 

Fe3O4 0.081 60.1 58.4 7.28 0.121 100 



Table 2 Equilibrium rate constant, the amount adsorbed at equilibrium, and correlation coefficients 

adsorption kinetic of DOX on MNPs 

 Pseudo-first order kinetic Pseudo-second order kinetic 

MNPs, 

mg ml−1 

DOX, 

mg ml−1 

Aeq,exp, 

mg g−1 

k1, 

min−1 

Aeq,cal, 

mg g−1 

r2 k2, 

g mg−1 min−1
 

Aeq cal, 

mg g−1
 

r2 

6 0.010 1.44 0.0211 1.49 0.995 0.0124 1.13 0.833 

6 0.025 3.35 0.0248 3.41 0.967 0.0098 2.9 0.905 

6 0.050 6.62 0.0286 6.67 0.971 0.0062 5.87 0.965 

6 0.075 9.42 0.0253 9.49 0.964 0.0038 8.17 0.955 

 

The values of the theoretically calculated sorption capacity are as close as possible to the 

experimentally obtained. So sorption capacity values and higher correlation coefficients (r2 ≥ 0.95) give 

preference to a pseudo-first-order model that corresponds to the adsorption of the DOX cationic form at 

pH 7 (Roik et al. 2017) (Table 2). 

 

Adsorption isotherms 

The experimental data were investigated with Langmuir and Freundlich adsorption isotherms. For 

obtaining of DOX adsorption isotherm on the Fe3O4 surface 5 ml solutions of DOX with concentrations 

of 0.01 − 0.2 mg ml−1 were added to the test samples at 20 oC for 180 min in static mode. The 

experimental results are given in Fig.7. 

 

Fig. 7 Isoterms of DOX adsorption on MNPs obtained from adsorption experiment (1) and calculated 

with Freundlich (2) model. The inset shows the linear plot form of the equation Freundlich 

 

It was seen that increasing the equilibrium concentration of DOX does not lead to adsorption 

saturation of the Fe3O4 surface within the current concentrations. This can be explained by the porosity of 

the surface and the structure of the DOX. 

According to the experimental data at different intervals of equilibrium concentrations the amount of 

sorption (A) and the the removal efficiency (R) were determined. Amax = 17.5 mg g−1, R was up to 80%. 

Experimental values of the adsorption capacity were used to construct an adsorption isotherm close to 

the L-type isotherms (Fig. 7). To determine the adsorption process and the interaction of DOX with the 



MNPs surface, the possibility of using classical Langmuir and Freundlich models was evaluated (Table 

3). Conformity checks were performed by the linearization method. 

 

Table 3 Parameters of DOX adsorption on MNPs calculated using Langmuir and Freunlich models 

Equilibrium adsorption model Langmuir Freunlich 

Calculated adsorption parameters 

KL – 39.65 KF – 86.1 

Amax – 19.39 1/n – 1.53 

r2 – 0.835 r2 – 0.982 

 

For DOX activity in sorption processes is determined by the amino-group (5) (Fig.8), the state of 

protonation which depends on the pH of the medium. In saline medium (pH − 6.8), the DOX fraction 

with protonated amino groups is maximum (Roik et al. 2017), at the same time, under these conditions, 

only non-ionized hydroxyl groups are available on the Fe3O4 surface (Warren 2013), which does not 

promote ion-ion interactions and correspondingly high sorption properties. 

At the same time, according to the structure of the DOX molecule, where there are various chemically 

active functional groups (Fig. 8), which are responsible for the formation of hydrogen bonds between 

OH-groups (3) and electron-donor oxygen atoms (1 and 2), and also keto-groups (4), with basic 

properties, may form intramolecular and intermolecular hydrogen bonds. Therefore, there is probably an 

interaction between the non-ionized hydroxyl groups of the surface and the active centers in the DOX 

structure, which accounts for the correspondence of the sorption isotherm of the Freundlich model. 

 

Fig. 8 Structural formula of DOX molecule: electron-donor oxygen atoms (1, 2); OH-groups (3); 

keto-groups (4); amino-group (5) 

 

Conclusions 

Porous MNPs were synthesized by the solvothermal method and were investigated by a complex of 

physical methods. It is established that the magnetic characteristics correspond to crystalline magnetite. 

MNPs show sufficiently high sorption activity to DOX (Amax = 17.5 mg g–1, R up to 80%) in saline 

medium. According to kinetic studies, the sorption equilibrium time of DOX sorption is 45 − 90 min. 



Analysis of the kinetic dependences and isotherms of DOX adsorption indicates the monomolecular 

nature of adsorption (Freundlich model). 

The results of experimental studies testify that the synthesized porous MNPs are promising for use in 

medicine as adsorption materials for intracorporeal (enterosorption) and extracorporeal detoxification and 

targeted drug delivery. 
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